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Abstract
Muon beams of low emittance provide the basis for the intense, well-characterised neutrino beams necessary to
elucidate the physics of ﬂavour at the Neutrino Factory and to provide lepton-anti-lepton collisions at energies of up
to several TeV at the Muon Collider. The International Muon Ionization Cooling Experiment (MICE) will demonstrate
ionization cooling; the technique by which it is proposed to reduce the phase-space volume occupied by the muon
beam at such facilities. In an ionization-cooling channel, the muon beam is caused to pass through a material (the
absorber) in which it looses energy, the energy lost is then replaced using RF cavities. The combined eﬀect of energy
loss and re-acceleration is to reduce the transverse emittance of the beam (transverse cooling).
MICE is being constructed in a series of Steps. At Step IV, MICE will be able to study the properties of liquid
hydrogen and lithium hydride that aﬀect cooling. A solenoidal spectrometer will measure emittance upstream and
downstream of the absorber vessel. The muon beam will be focused at the absorber by a focusing coil. The construc-
tion of Step IV at the Rutherford Appleton Laboratory is well advanced and is scheduled to be complete early in 2015.
The status of the construction project will be described together with the performance of the principal components.
Once the Step IV programme has been completed, the apparatus will be reconﬁgured to allow the MICE collaboration
to demonstrate ionization cooling. This will require two single-cavity modules to be inserted one upstream and one
downstream of a central absorber. The status of the preparations for the MICE demonstration of ionization cooling
will also be described brieﬂy.
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1. Introduction
Stored muon beams have been proposed as the source
of neutrinos at the Neutrino Factory [1, 2, 3, 4, 5, 6, 7, 8]
and as the means to deliver multi-TeV lepton-antilepton
collisions at the Muon Collider [9, 10]. In such facilities
the muon beam is produced from the decay of pions pro-
duced in the bombardment of a target by a high-power
proton beam. The tertiary muon beam is captured in a
solenoidal channel and occupies a large volume in phase
space. To optimise the muon yield while maintaining
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a suitably small aperture in the muon-acceleration sys-
tems requires that the muon-beam phase space be re-
duced (cooled) prior to acceleration. The short muon
lifetime makes traditional cooling techniques unaccept-
ably ineﬃcient when applied to muon beams. Ioniza-
tion cooling, in which the muon beam is passed through
material (the absorber) and subsequently accelerated, is
the technique by which it is proposed to cool the beam.
Passing through the absorber, the muon beam looses
longitudinal and transverse momentum in equal propor-
tion. The re-acceleration restores only the longitudinal
component. A reduction in the transverse phase-space
volume occupied by the beam is therefore achieved by
the energy-loss–re-acceleration cycle. The net cooling
eﬀect required by the Neutrino Factory or Muon Col-
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Table 1: Comparison of the cooling performance of a variety of pos-
sible absorber materials. The ﬁgure of merit (F ) is deﬁned in the text.
The relative transverse cooling performance is obtained by dividing
the ﬁgure of merit for a particular material by that of liquid hydrogen.
The material parameters used to evaluate F have been taken from
[12].
Material F Relative transverse
cooling performance
Liquid hydrogen 258 1
Liquid helium 183 0.5
Lithium hydride 151 0.34
Carbon 74 0.08
lider is achieved by the repeated application of the cool-
ing cycle.
If it is assumed that the divergence of the muon beam
is not too large (the paraxial approximation) and that
the magnetic ﬁeld is suﬃciently uniform then the evo-
lution of the normalised transverse emittance, n⊥, with
distance, x, along the beam may be approximated by
[11]:
dn⊥
dx
≈ − 
n⊥
β2E
〈
dE
dx
〉
+
β⊥(0.014GeV)2
2β3EmμX0
; (1)
where E is the beam energy, β the relativistic velocity
of the muon, β⊥ is the transverse betatron function and
mμ is the muon mass. Cooling is generated from the
energy-loss term which is proportional to the speciﬁc
ionization, dE/dx, of the absorber material. Multiple
Coulomb scattering causes heating, the size of the heat-
ing eﬀect being inversely proportional to the radiation
length, X0. The net cooling eﬀect is determined by the
balance between the change in emittance generated by
the energy-loss term and the heating term and optimum
cooling performance will be obtained using a material
of low atomic number so that both dE/dx and X0 are
large. Taking:
F = X0 × dEdX ; (2)
to deﬁne a ﬁgure of merit, F , the cooling eﬃcacy of dif-
ferent materials can be assessed. Table 1 compares the
ﬁgure of merit for a variety of possible absorber materi-
als. Practical designs for cooling channels have been de-
veloped using liquid hydrogen (LH2) and/or lithium hy-
dride (LiH). Therefore, the MICE programme includes
the evaluation of the cooling performance of LH2 and
LiH as well as a systematic study of the eﬀect the optics
of the cooling cell has on its performance.
This contribution is organised as follows. An
overview of the MICE programme will be given in sec-
tion 2. A summary of the status of the Step IV con-
struction project is given in section 3 and the status of
preparations for the MICE demonstration of ionization
cooling is summarised in section 4. Finally, conclusions
are drawn in section 5.
2. Overview
The MICE collaboration was approved to design,
build, commission and operate a section of a realistic
cooling channel and to measure its performance using
a number of absorber materials, in a variety of modes
of operation and under a range of beam conditions
[13, 14]. The experiment is being constructed in three
stages. In the ﬁrst stage (referred to as Step I), the MICE
Muon Beam (MMB) on ISIS was constructed together
with the instrumentation necessary to characterise the
beam [15]. Step I is now complete and the MMB has
been shown to deliver the performance necessary to de-
liver the MICE physics programme [16].
The second stage of the experiment (referred to as
Step IV) is shown schematically in ﬁgure 1. The
absorber module is placed inside a superconducting
“focus-coil” (FC) module. Focusing the beam at the
absorber provides a small value of β⊥, thereby in-
creasing the net cooling eﬀect (see equation 1). A
solenoidal tracking spectrometer is placed upstream of
the absorber/focus-coil (AFC) module to measure the
muon-beam phase space before it passes through the ab-
sorber. A second spectrometer module is placed down-
stream of the AFC to measure the muon-beam phase
space as the beam emerges from the absorber. The spec-
trometers have been designed such that the change in
the properties of the beam as it passes through the ab-
sorber (for example n⊥) can be measured with a rela-
tive precision at the per-cent level [17]. Upstream of the
ﬁrst spectrometer, time-of-ﬂight (ToF) hodoscopes and
Cherenkov (CKOV) counters will be used to reject the
small residual pion contamination in the beam [16]. The
ToF system will also be used to trigger the experiment
and, combined with the upstream spectrometer, mea-
sure the longitudinal phase-space of the incoming beam.
Downstream of the experiment, a ToF hodoscope, a
lead-scintillator calorimeter (the KL) and a totally ac-
tive scintillator calorimeter (the Electron Muon Ranger,
EMR) will reject electrons (positrons) from muon de-
cay and determine the longitudinal phase-space of the
beam as it emerges from the absorber [18, 19]. Both
LH2 and LiH absorbers will be used at Step IV [20, 21].
Commissioning is scheduled to start in the late spring of
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Figure 1: Schematic diagram of the Step IV conﬁguration of MICE. The muon beam enters from the left of the ﬁgure. The beam-line instrumen-
tation (the time-of-ﬂight, ToF, hodoscopes, the Cherenkov (CKOV) counters, the pre-shower, KL, detector and the Electron Muon Ranger, EMR)
are indicated. The spectrometer solenoids, and the scintillating-ﬁbre trackers they contain are shown upstream and downstream of the central
absorber/focus-coil (AFC) module.
2015 and data taking in the Step IV conﬁguration will
continue until the summer of 2016.
The MICE demonstration of ionization cooling will
be performed by adding two, 201MHz, cavity modules
one upstream and another downstream of the AFC mod-
ule as shown in ﬁgure 2. The principal absorber will be
LiH. Secondary absorbers will be placed between the
cavities and the spectrometers to increase the cooling ef-
fect and to protect the sensitive scintillating-ﬁbre track-
ers from X-rays and dark current electrons produced
in the cavities. The reconﬁguration of the Step IV ex-
periment to include the two single-cavity modules will
start at the end of Step IV data taking. The schedule
shows that commissioning of the equipment necessary
to demonstrate ionization cooling will start in late spring
2017.
The MICE physics programme is summarised in ta-
ble 2. At Step IV, the material properties of LH2 and
LiH will be measured and the change in n⊥ as a func-
tion of the optics of the magnetic channel will be stud-
ied. The addition of the two single cavity modules will
allow ionization cooling, i.e. the reduction of the trans-
verse emittance ⊥ to be measured (where ⊥ = pμn⊥
and pμ is the muon momentum). In this conﬁguration
it will also be possible to study the way in which the
longitudinal phase space (for example the longitudinal
emittance, ‖) and the canonical angular momentum, L,
vary as the beam is cooled.
3. Status of Step IV
Figure 3 shows the status of the implementation of
Step IV in the MICE Hall at the Rutherford Appleton
Table 2: MICE physics programme
Step IV:
Material properties of LH2 and LiH
Observation of n⊥ reduction
MICE demonstration of ionization cooling:
Observation of ⊥ reduction with re-acceleration
Observation of ⊥ reduction and ‖ evolution
Observation of ⊥ reduction and ‖ and angular
momentum evolution†
† Requires systematic study of “ﬂip” optics.
Laboratory (RAL). The spectrometer solenoids, each
ﬁtted with scintillating-ﬁbre tracker, have been installed
on the beamline. The AFC module has also been in-
stalled. The two bellows that link the focus coil with
the neighbouring spectrometer module have been ﬁt-
ted. The LH2-delivery system, which has been com-
missioned into a test cryostat, may be seen on the mez-
zanine behind the down-stream spectrometer solenoid.
The EMR, KL and ToF detectors may also be seen in
the ﬁgure. The cryogenic, electrical, vacuum and wa-
ter systems that are required to serve the experiment are
not shown but are at an advanced stage of preparation.
More details on the principal components of Step IV are
given in the paragraphs that follow.
3.1. The tracker modules
Each tracker module is composed of a scintillating-
ﬁbre tracking detector installed within a spectrometer
solenoid.
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Figure 2: Schematic diagram of the conﬁguration that will be used for the MICE demonstration of ionization cooling. Two single 201MHz cavity
modules and a focus-coil module are added to the Step IV conﬁguration. The central lithium-hydride absorberis sandwiched between the focus-
coil and single-cavity modules. Two secondary lithium-hydride absorbers placed between the cavities and the spectrometer modules increase the
cooling eﬀect and protect the trackers from x-rays and dark-current electrons.
Figure 3: Photograph of the state of construction of MICE Step IV taken in August 2014. In the background, the ﬁnal quadrupole triplet that
focuses the beam into MICE may be seen (blue). The upstream spectrometer, the absorber/focus-coil module and the downstream spectrometer
may then be seen in front of the downstream instrumentation (ToF2, KL and EMR). The liquid-hydrogen delivery system may be seen on the
mezzanine above the EMR.
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Figure 4: End view of the upstream tracker showing the routing of the
clear-ﬁbre light-guides. The upstream surface of the most upstream
of the tracker stations can be seen in the centre of the bore of the
spectrometer solenoid.
Each spectrometer solenoid (SS) is composed of ﬁve
superconducting coils wound on a single bobbin. A
“central” coil 120 cm long and surrounded by short “end
coils” provides a ﬁeld of 4 T, uniform at the percent level
over the tracking volume. Two “match” coils follow and
are used to match the beam from from the spectrome-
ter into the focus-coil module. Both SSs were success-
fully trained to 102% of the maximum operating cur-
rent. Measurements of the magnetic ﬁeld produced by
the magnet have been made and are being parameterised
for use in the reconstruction and simulation software.
Charged-particle tracking is performed using a
tracker composed of ﬁve planar scintillating-ﬁbre sta-
tions. Each station is composed of three doublet-layers
of scintillating ﬁbres laid out in a ‘u, v,w’ arrangement.
To reduce multiple Coulomb scattering of muons to
an acceptable level, a ﬁbre diameter of 350 μm was
used. Seven scintillating ﬁbres are ganged for readout
through a single 1.05mm clear-ﬁbre light-guide. Figure
4 shows the completion of the routing of the clear-ﬁbre
waveguides of the upstream tracker. The scintillation
light is detected using Visible Light Photon Counters
(VLPCs) [22, 23] and read out using the DØ Central
Fiber Tracker (CFT) optical readout and electronics sys-
tem [24, 25].
3.2. Absorber/focus-coil module
The focus-coil (FC) modules each consist of two coils
wound on a single bobbin. The coils can be run with the
same polarity (“solenoid mode”) or with opposite po-
larities (“ﬂip mode”). The ﬁrst module (FC1) trained
rapidly to full current (110A) in solenoid mode. In ﬂip
mode, training ceased at 188A after ∼ 15 quenches.
Figure 5: The liquid-hydrogen absorber vessel prior to installation in
the focus-coil module.
FC1 is stable in operation at 180A, a current ∼ 5%
below that required to produce the nominal beta at teh
absorber of 42 cm at a momentum of 200MeV/c. The
training of the second module FC2 was more satis-
factory as it reached the speciﬁed maximum currents
in solenoid (110A) and ﬂip (225A) modes essentially
without training.
The magnetic ﬁeld of FC1 and FC2 have each been
measured in both ﬂip and solenoid modes. In the
Step IV conﬁguration, the experiment will run using
FC2. The FC currents required in the conﬁguration to be
implemented for MICE to demonstrate ionization cool-
ing (ﬁgure 2) are lower than the FC currents required at
Step IV. The completion of the MICE programme may
therefore proceed using the two FC modules that have
been commissioned at RAL.
The liquid-hydrogen absorber that will be used at
Step IV is shown in ﬁgure 5. The vessel has a volume
of 20.7 l and is closed by aluminium windows shaped
so as to minimise the length of aluminium traversed by
the beam. On axis, where the LH2 volume has a length
of 35 cm, the windows are each 120 μm thick. The ab-
sorber was built and tested at KEK and has been de-
livered to RAL where it has been installed in the focus
coil. The lithium-hydride absorber, shown in ﬁgure 6,
is a 65mm thick disk. Both the disk and the support
structure have been fabricated in the US.
3.3. Partial Return Yoke
A soft iron partial return yoke (PRY) is required to
provide a ﬂux return and to protect equipment in the
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Figure 6: The lithium-hydride absorber.
Figure 7: Schematic drawing of the partial return yoke surrounding
the Step IV conﬁguration of MICE.
MICE Hall from the magnetic ﬂux created by the super-
conducting solenoids that provide the MICE magnetic
lattice. A schematic drawing of the PRY is shown in ﬁg-
ure 7. The procurement of all components of the PRY
is well advanced and the installation of the ﬂoor ﬁxings
is underway at RAL.
4. Demonstration of ionization cooling
The MICE demonstration of ionization cooling will
be carried out using the conﬁguration sketched in ﬁg-
ure 2. To implement this conﬁguration, two single cav-
ity modules are required in addition to the equipment
that has already been constructed, commissioned and
delivered to the Rutherford Appleton Laboratory. Fig-
ure 8 shows the ﬁrst single-cavity fully dressed inside its
vacuum vessel (the “Single Cavity Test Stand”, SCTS).
The cavity body is constructed from oxygen-free high-
conductivity copper. The cavity is tuned by deforma-
Figure 8: Photograph of the Single Cavity Test Stand installed in the
Muon Test Area at Fermilab.
tion using the six tuner assemblies that can be seen in
the ﬁgure. The cavity has been installed in the Muon
Test Area (MTA) at Fermilab for commissioning and
testing. Initial results are encouraging; in the absence
of magnetic ﬁeld the cavity was powered to a gradient
of 8MV/m, the nominal accelerating gradient in MICE,
without producing a measurable ﬂux of X-rays. Testing
of the single-cavity module continues in the presence
of the fringe ﬁeld produced by the “MuCool magnet”.
The MuCool magnet is composed of two superconduct-
ing coils wound on a single bobbin in a conﬁguration
closely similar to that of the MICE focus coils. The test
of the single cavity module in the MTA will therefore al-
low the collaboration to understand how the cavities will
perform in MICE and to develop operating procedures
in advance of the installation of the cavities at RAL.
With the exception of the power couplers and tuner
arms, all components of the second single-cavity mod-
ule are available at Fermilab. Therefore, the principal
tasks that must be completed to implement the MICE
demonstration of ionization cooling are: the construc-
tion of the spool piece required to support the LiH ab-
sorber; the extension of the PRY to accommodate the
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single cavity modules; and the rearrangement of the in-
frastructure in the MICE Hall to accommodate the new
experimental arrangement. The collaboration is conﬁ-
dent that this can be accomplished such that commis-
sioning of the experiment in the new conﬁguration can
start in the late spring of 2017.
5. Conclusions
The MICE collaboration is now on track to deliver its
demonstration of ionization cooling by 2017.
At Step IV, the properties of liquid hydrogen and
lithium hydride that aﬀect the performance of an
ionization-cooling channel will be measured. The
Step IV conﬁguration will also be used to study the de-
pendence of the ionization-cooling eﬀect on the optics
of the channel and the momentum and emittance of the
input beam. Step IV construction is well advanced and
commissioning will start in the spring of 2015.
The MICE demonstration of ionization cooling will
be performed using a lithium-hydride absorber and with
acceleration provided by two single, 201MHz, cavity
modules. Preparations for the MICE demonstration of
ionization cooling are underway. The necessary equip-
ment is either in hand (the superconducting magnets and
instrumentation) or at an advanced stage of preparation
(the single-cavity modules).
The demonstration of ionization cooling that MICE
will provide is essential for the provision of the intense,
well characterised muon beams required to elucidate the
physics of ﬂavour at the Neutrino Factory or to deliver
multi-TeV lepton-antilepton collisions at the Neutrino
Factory. The successful completion of the MICE pro-
gramme will therefore herald the establishment of a new
technique for particle physics.
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